This letter presents a new vertical Bell Labs layered spacetime (V-BLAST) transmission scheme for developing low-complexity tree searching in the QRD-M algorithm. In the new V-BLAST system, we assign modulation scheme in ascending order from top to bottom tree branches. The modulation set to be assigned is decided by two criteria: minimum performance loss and maximum complexity reduction. We also propose an open-loop power allocation algorithm to surmount the performance loss. Numerical results show that the proposed V-BLAST transmission approach can significantly reduce the computational loads of the QRD-M algorithm with a slight performance degradation. key words: vertical Bell Labs layered space-time (V-BLAST), sphere decoding (SD) algorithm, QRD-M algorithm 
Introduction
Recently, it has been shown that multiple antenna systems can achieve enormous channel capacity over rich scattering environment [1] . To exploit this advantage, the vertical Bell Labs layered space-time (V-BLAST) architecture which transmits data streams in parallel manner was proposed [2] . The complexity of detection is the main bottleneck of implementing the V-BLAST system. The maximum-likelihood (ML) detector yields optimal performance, while the complexity grows exponentially with the number of transmit antennas. Especially, it becomes worse when high order modulation is used.
To approach near-ML error performance, tree searching based detections such as the QRD-M algorithm [3] , and the sphere decoding (SD) algorithm [5] were introduced. The burden of tree searching in the QRD-M algorithm is relieved by considering fixed number of candidates at each level of tree. The SD algorithm efficiently finds candidates inside a hypersphere. As regards implementation aspect, the QRD-M algorithm is advantageous because the QRD-M algorithm requires deterministic complexity. However, the complexity of the SD algorithm is strongly affected by channel conditions and signal-to-noise ratio (SNR) regime. It is also hard to manage decoding latency according to variable complexity. In fact, the computational burden of the QRD-M algorithm is still intensive to apply for practical applications.
In this letter, we propose a V-BLAST transmission approach to reduce tree searching loads of the QRD-M algorithm using two design rules. The first one can decrease the number of visiting branches of tree with minimum performance penalty, compared with the conventional V-BLAST transmitter. The other can produce the lowest tree searching complexity with a bit larger performance degradation than the first one. Furthermore, we deal with an open-loop power allocation to shrink performance loss.
The remainder of this paper is organized as follows. The transmission system model and the QRD-M algorithm are described in Sect. 2. The proposed V-BLAST transmission scheme is analyzed in Sect. 3. Numerical results are investigated in Sect. 4, and conclusion can be found in Sect. 5.
System Model and the QRD-M Algorithm
We consider a N r × N t V-BLAST system, where N t is the number of transmit antennas and the number of receive antennas is N r . For each symbol period, the
T signal vector is transmitted. Let H be the channel matrix of size N r × N t . Then, the N r × 1 received signal vector can be expressed as r = Hs + n, (1) where the N r × 1 n vector is the complex additive white Gaussian noise vector with E[nn H ] = N 0 I. Each channel coefficient in the channel matrix H follows independent and identically distributed (i.i.d.) complex Gaussian with zero mean and unit variance. We assume that the channel matrix H is constant during a frame.
We now proceed to describe the QRD-M algorithm * * . The channel matrix H is decomposed as H = QR by using the QR decomposition. Q and R are the N r × N t unitary matrix and the N t × N t upper triangular matrix, respectively. R is represented as
By pre-multiplying (1) with Q H , the modified received vector is:
where n is Q H n. Since Q is unitary, the statistics of the noise term Q H n remains unchanged. The QRD-M algorithm starts from calculating branch metrics for s 1 using:
where s 1,q ∈ S, 1 ≤ q ≤ |S|, S is the modulation set, and |S| is the modulation order. It retains M branches which have the smallest branch metrics. Note that (ŝ 1,1 ,. . . ,ŝ 1,M ) is survival symbols in the first stage, andŝ 1, j denotes the jth minimum metric valued symbol in the first stage. In the next stage, each path is extended to C (1 ≤ C ≤ |S|) branches and results in MC branches. It keeps only M branches with the smallest accumulated metrics among MC branches and the rest are eliminated. It performs until the depth of tree arrives at N t . For the tree depth k (1 ≤ k ≤ N t ), the metric of each path is:
where y k is the kth element of y, R k is the kth row of R, and s k,q is the vector of specific path. It generates MC branches and selects M branches with minimum accumulated metrics
, whereŝ k, j is the jth minimum accumulated metric valued survival vector in the kth stage).
In the last stage, it chooses a candidate vector yielding the minimum accumulated metric as the transmitted vector s.
Proposed V-BLAST Transmission Scheme
We here establish a new V-BLAST transmission scheme in terms of minimum performance loss and maximum complexity reduction. After that, we offer an open-loop power allocation algorithm to compensate for performance degradation due to modified transmit structure.
Basics
The QRD-M algorithm achieves near-ML performance, provided M is equal to the constellation size of symbols. It accounts for intensive tree searching when high order modulation is employed. Motivated by this problem, we propose a new transmit architecture to cut down the loads of tree searching in the QRD-M algorithm. Let's take into account the tree based on the matrix R. It visits the tree from the top branches to the bottom branches. In case of large M in the top branches and small M in the bottom branches, it can alleviate the impact of error propagation originated from top branches and can yield high performance with reduced complexity. On that condition, it still handles many branches due to large M in the top branches so that it carries out a lot of tree searching. We can diminish it if we assign low order modulation in the top branches and high order modulation in bottom branches at given spectral efficiency. It indicates that M in the top branches are smaller than conventional one. As a result, the branches around the bottom of tree undergo weaker error propagation, although it employs small M in the top branches. It should be noted that its ML performance is inevitably worse than the conventional V-BLAST system since it uses high order modulations in the bottom branches. With applying open-loop power allocation, it can fractionally make up performance penalty.
Design Criteria: Minimum Performance Loss vs. Maximum Complexity Reduction
It first generates all possible modulation sets except equal order modulation set according to the number of transmit antennas and spectral efficiency. It places the ascending order of a modulation by shifting from top branches to bottom branches as
where |S j | is the modulation order of s j . We assume that M is the minimum constellation size of different modulations, and equal M is used in each stage of the tree. There are two design criteria. The first one is based on minimum performance loss. In previous part, we have already mentioned that it adopts relatively higher order modulation in a certain transmit antenna than the conventional one and introduces performance degradation. By choosing a modulation set which gives the best performance among modulation sets, it can mitigate performance loss. However, since it is difficult to find the ML performance of the specific modulation set, we use approximate matched-filter bound (MFB) rather than ML performance. Based on [6] , the conditional bit error rate is approximately expressed as
where α i and β i are modulation parameters. ρ is SNR, and h ji is a channel response from the ith transmit antenna to the jth receive antenna. Averaging (7) over all channel realization yields:
where
Consequently, we can determine a modulation set whose performance is the closest to the conventional system using Eq. (8).
We next depict the maximum complexity reduction based criterion. The total number of metric computations in the QRD-M algorithm is:
where M i,s and M i,v are the number of survival paths and visiting branches in the ith stage of tree, respectively. As we assume that survival branches in each layer is equal to M, (9) is simplified to:
Among all modulation sets, we choose a modulation set which meets the minimum value of N metric .
Performance Loss Compensation
To surmount the performance degradation previously described, we use the Lagrange multiplier method. It can find the ith transmit antenna's power P i that minimizes approximate MFB under the total transmit power constraint. The cost function can be represented as
where λ is the Lagrange multiplier and total transmit power is given by
From ∂J/∂P i =0, we can obtain following relationship:
where i ∈ {2, 3, . . . , N t }. In high SNR, β i P i ρ/N t 1, it is reduced to:
Solving simultaneous equations in (12) and (14), we can find the solution for the transmit power as
As transmit power coefficients are constant in all SNR regions, we simply uses it as an open-loop power allocation manner.
Numerical Results
In this section, we compare the performance of both the conventional V-BLAST system and the proposed systems with the QRD-M algorithm. We assume that channel coefficients follow i.i.d. Rayleigh fading and channel information is perfectly known at the receiver. E b denotes the average energy per information bit, thus E b /N 0 = N t /(log 2 (M avg )σ 2 ), where log 2 M avg is the average number of bits per transmit antenna, and σ 2 is noise power. Simulation parameters are summarized at Table 1 † . Proposed TX I is designed by minimum performance loss, and maximum complexity reduction criterion is used in proposed TX II.
The influence of different transmit schemes with the ML detector is shown in Fig. 1 . Performance degradation results from 64QAM modulation in the proposed transmit schemes, however, it can be partially overcome by applying the open-loop power allocation derived in Sect. 3.3. To illustrate, the performance gaps in the proposed TX I and TX II are approximately 1.2 dB and 2.7 dB, respectively, at the bit error rate (BER) of 10 −4 . Figure 2 demonstrates performance comparison of the ML detector and the QRD-M algorithm according to different transmit schemes. M(M 1 , M 2 , M 3 ) denotes total survival branches, and M j is the number of survival branches in the jth stage of tree. The conventional V-BLAST system requires 16 survival branches per layer to obtain the ML performance. In case of the proposed TX I, it can approach the ML performance with 4 survival branches in each layer. The proposed TX II considers just 2 survival branches in each level of tree. Consequently, it leads to significantly reducedcomplexity computations. We can also observe the effects of different design criteria here. The proposed TX I shows roughly 1.8 dB better than the proposed TX II at the BER of 10 −4 . The proposed TX II requires fewer survival branches in each layer than the proposed TX I. It points out that the performance of the proposed TX II is inferior to the proposed TX I but can be implemented with less tree searching burden. Figure 3 illustrates a tradeoff between performance and computational complexity in different transmit schemes. We measure the number of real operations to search tree per transmit vector. One complex multiplication is counted as four real multiplications and two real additions. For the conventional transmitter, the detection ordering with column norms is used, and its complexity is included. The proposed TX I with QRD-M(4,4,4) requires 20% fewer computational efforts by sacrificing 1.1 dB performance, in comparison to † It is interesting to note that the exact formula Eq. (13) and the simplified expression Eq. (15) lead to almost same value after E b /N 0 = 8.0 dB. computational efficiency of the proposed transmit schemes with the QRD-M algorithm. Hence, we can remarkably decrease the computational efforts by applying the proposed transmit schemes. We also find that, in a performanceoriented system, it prefers minimum performance loss rule, and if complexity is critical, maximum complexity reduction criteria is more favorable.
Conclusion
We have developed a new V-BLAST transmission scheme, which can reduce tree searching in the receiver. Two design criteria have been described to minimize performance degradation or to fulfill the minimum number of metric computations in the QRD-M algorithm. Furthermore, the performance penalty is partially overcome through the open-loop power allocation method. Numerical results show that the proposed V-BLAST transmit system can greatly moderate tree searching computations of the QRD-M algorithm with the slight performance degradation. We have also illustrated that the computational computations can be more reducible, if additional performance penalty is acceptable. Therefore, the proposed V-BLAST transmit system can be an alternative approach to achieve high performance with low complexity.
